Carotid sinus reflex response was measured before and after decerebration in 27 cats with and without the vagus nerves intact. Body temperature, central venous pressure, arterial oxygen saturation, Pco 2 , and pH were kept within normal limits. The anesthetized animals were uniformly subjected to a wide
range of controlled sinus pressure changes in each condition. A mathematical analog with four parameters was employed to relate carotid sinus pressure to systemic arterial pressure. The expression takes the form of a logistic curve, describes the reflex response with an accuracy of 96%, and provides a design in which errors are normally distributed for statistical testing of differences in parameters occurring with experimental intervention. The major effect on the sinus reflex of brainstem transection at the collicular level was a decrease in the effective range over which arterial pressure could be varied by changes in sinus pressure. Although a given change in sinus pressure in the median range of 70 to 100 mm Hg produced a proportional change in arterial pressure, transection markedly decreased reflex responses to lower sinus pressures. It was concluded that a transection at the collicular level may not significantly change mean systemic pressure, but it does decrease the animal's ability to adjust to variations in arterial pressure. The data lend credence to the hypothesis that supramedullary areas can and do function in directing autonomic activity during the carotid sinus reflex.
KEY WORDS blood pressure reflex sensitivity supramedullary control brainstem transection baroreceptors depressor nerve vagotomy autonomic activity As shown by Alexander (1) and others the carotid sinus reflex response remains intact if the neuroaxis is transected above but not below the medulla. More recent studies on the central organization of the carotid sinus reflex have disclosed single units in the medulla oblongata, particularly in the area of the tractus solitarius, that give a monosynaptic response to stimulation of the sinus nerve (5) (6) (7) (8) . While the vasomotor medullary areas are thought to be the primary if not sole integrator of cardiovascular reflex activity, numerous supramedullary areas produce profound cardiovascular responses (9, 10) . These areas are thought not to take part in the reflex pathways. Manning (11) has challenged this concept by showing that responses to sciatic and carotid sinus afferent stimulation survive destruction of large areas of the medullary reticular formation but are dependent on the integrity of supramedullary pathways. Hilton (12) proposed that the baroreceptor reflex is reset in an animal by hypothalamic activity during the cardiovascular preparatory response of the defense reaction. Descending fibers from the posterior hypothalamic areas that terminate in the expected medullary and spinal cord sites have been demonstrated by Smith (13) . Further, a suprabulbar system is known to inhibit vagal bradycardia induced by elevated carotid sinus pressures (14) . None of these proposed central pathways have been specifically implicated in the well-established baroreceptor reflex. While the medullary area is known to be a major integrative site for the carotid sinus reflex, the possible reflex activation of supramedullary areas and their contribution to the vascular response should be considered. It was the purpose of this study to measure and compare the vascular responses to a wide range of controlled sinus pressure changes in the neurally intact and decerebrate preparation, and to assess the contributions of supramedullary areas to the response pattern.
Methods
Experimental Procedure.-Experiments were done successfully on 29 adult cats anesthetized intravenously with 50 mg/kg of alpha chloralose and paralyzed with gallamine triethiodide (Flaxedil). Body temperature, central venous pressure, arterial oxygen saturation, PCO2, and pH were kept within normal limits. The animals were artificially ventilated with oxygen by a Harvard respirator at a rate of 10-20 strokes/min with a tidal volume of 40 ml. Systemic arterial pressure was recorded from a cannula placed in the abdominal aorta, while carotid sinus pressure was recorded from a side arm of the perfusion circuit. The common carotid artery, vagosympathetic trunk, and the external carotid artery were isolated near the area of the sinus on both sides, and loose ligatures were placed around each structure. The animal was given heparin (400 units/kg) and cannulas were placed appropriately for separate perfusion of the carotid sinus by an extracorporeal pump. The two common carotid arteries were cannulated distally, and the left common carotid artery was cannulated proximally. Blood from the left common carotid artery was received by an Emory roller pump which was used to perfuse the carotid sinuses with blood at the rate of 40 ml/min with a frequency of 120 pulses/min. The circuit required a priming volume of about 10 ml; physiologic saline was used. Outflow blood from the sinuses via the external carotids was returned through a single cannula to the proximal right jugular vein. Carotid sinus pressure was controlled by a screw clamp on the outflow line. The perfusion circuit allowed for stepwise changes in mean carotid sinus pressure (CSP) over a range of near 0 to 300 mm Hg. A series of 1-minute random step pressure changes, preceded and followed by 4 minutes of sinus pressure < 25 mm Hg, constituted the protocol for generating reflex Circidttion Ramrcb, Vol. XXIX, Nortmbtr 1971 responses ( Fig. 1) . A number of such responses were obtained both before and after decerebration accomplished by sectioning at the diencephalonmesencephalon junction with a Grass audiofrequency lesion maker using a technique described by Aronow (15) . A band of electrodes inserted into the brainstem bridged the midline, thus making it possible to create a lesion that completely transected the midbrain. Gross and histological examinations were used to verify the transection.
Mathematical Treatment of Data.-In this study an empirical mathematical description of the logistic curve was used in the quantitative analysis of data collected under each experimental condition. The expression reduced the data points to four parameters which described the reflex response in the following manner:
SAP =
(CSPwhere SAP = mean systemic arterial pressure and CSP = mean carotid sinus pressure. The parameter A ( l ) measured the range in mm Hg from the lowest arterial pressure during maximum sinus baroreceptor stimulation to the highest arterial pressure during complete withdrawal of receptor stimulation and is called the range of the response. The parameter A(2) is a multiplier relating the slope of the logistic curve to the reflex gain and is a measure of the sensitivity of the response. The third parameter A(3) dictated the point at which equal pressor and depressor responses were elicited for a given sinus pressure, and the response fell symmetrically about this centering point. Finally, a fourth parameter A(4), added to the expression, specified the minimum value of SAP as CSP was extended without bounds.
A series of carotid sinus pressure changes ranging from near 0 to 300 mm Hg was made for each cat during each experimental condition. Response of systemic arterial pressure (SAP) to a random sequence of step changes in carotid sinus pressure (CSP). Interval between each column is 3 minutes; duration of step elevation in CSP is 1 minute. Cat, vagi intact, 3.0 kg, 9- Data points consisted of the observed mean systemic arterial pressure (mm Hg) for a given mean carotid sinus pressure (mm Hg) taken at the end of each 1-minute step change ( Fig. 1) . A nonlinear regression analysis utilizing leastsquares techniques was used for reaching maximum likelihood estimates of the four parameters. 1 The calculated parameters were used to describe the carotid sinus response curve (Fig. 2) . The multiple correlation coefficient, r 2 , indicates how well the calculated values fit the raw data. The accuracy of the derived parameters in relating SAP to CSP was quantitated as the standard deviation between observed and estimated SAP. The raw data from each series of experiments were reduced to four parameters, creating a balanced design for statistically comparing reflex responses before and after experimental intervention. After obtaining least-squares estimates, the calculated parameters used in the expression fit the data so that the unexplained error followed a normal distribution and thus allowed the use cf simple standard statistical tests.
A number of derivatives from the equation were also useful in describing the sinus reflex under a given set of conditions. Set point cf the reflex was defined as that pressure where CSP = SAP. Besides the slope A (2), two additional gain values for the reflex response were calculated, one at set point and the other at the centering point where CSP = A(3). The latter was considered maximum gain for the reflex and the expression at this point reduces to: maximum g a i n = -0 . 2 5 [A(2) XA (1)]. Another point of interest used in comparing reflex responses was the reflex threshold. This point was obtained from the solution of the third derivative of the logistic function at its minimums: CSP threshold =
Results
A series of carotid sinus pressure changes ranging from near 0 to 300 mm Hg was made for each cat during each experimental condition. (Fig. 1 ). Data points consisted of the observed SAP for a given CSP. A plot of the data points gave an approximation of the carotid sinus response curve. From each set of raw data, varying from 9 to 16 points (Table  1) , four constants used in the mathematical expression describing the reflex were calculated as described above. The logistic expression was used as a quantitative tool in this study to calculate each parameter in a response curve and to group parameters under identical experimental conditions for statistical testing. The averages of the calculated parameters were used to describe a single carotid sinus response curve for each of the various experimental conditions. The best-fit curve for the data presented in Figure 1 is given in Figure 2 by the line drawn through the triangles. The points represented by the triangles are the SAP for increments of CSP of 20 mm Hg calculated from the four parameters of the best-fit curve. Carotid sinus response curves were measured in 27 cats before and after decerebration. Each animal thus served as its own control. In 13 cats the vagi, including the aortic depressor nerves, were sectioned at the cervical level; in 14 cats the vagi were left intact. Derived response curves fit the experimental data well: r 2 ± SB for the 14 animals with their vagi intact was 0.945 ± 0.054 before decerebration and 0.915 ± 0.073 after decerebration, while for the 13 cats with their vagi cut, r 2 was 0.958 ±0.059 before and 0.921 ± 0.089 after decerebration. Therefore the data are accurately described by the logistic expression chosen, and the responses from different animals have similar response patterns under similar experimental conditions. As shown in Table 1 , the range through which CSP was varied and the number of step changes employed in generating a response curve were similar for all conditions. Indeed, the average CSP sustained in a response curve and the average SAP recorded from the lowest to the highest perturbation were alike. These data attest to the homogeneity of treatment under each experimental condition. The single exception was the time after anesthesia that a series of CSP step changes were initiated. Because the animals were their own controls, the postdecerebration responses were taken 1.5-2 hours after the initial measurements.
In two sham experiments, cats were subject- 
The effects of midcollicular transection on the carotid sinus reflex response in 14 cats with vagus nerves intact. The parameters and their derivatives are means ± ID. The mean systemic arterial pressure (SAP) vs mean carotid sinus pressure (CSP) plot represents the least-squares best-fit curve for each group. Each animal served as Us own control, and the Student's t-test was used for statistical comparison of means. % pressor -that proportion of responses that xcould give rise to incfeases in arterial pressure.
ed to the same extensive surgical procedures and cannulations, including the insertion of a bank of lesion-producing electrodes. However, in these cases, no current was passed through the electrodes to create a transection. After the 2.5 hours of surgery and every 1.5 hours for 5 hours thereafter, a series of CSP step changes was conducted, the SAP responses measured, and the parameters for best-fit curve calculated for each series. Thus, there were four complete response curves for each animal. The parameters were then compared for possible alterations with time. No deviation in the parameters or alteration in the calculated curves with time was noted in these two preparations.
Decerebration with Vagi Intact.- Figure 3 compares the reflex response, the four parameters, and the parameter derivatives before and after decerebration when the vagus nerves were left intact. A significant change was seen in the effective range, A(l), over which arterial pressure could be varied. This was pronounced at low sinus pressures where greater elevations in arterial pressure were obtained with the brainstem intact. A transection at the diencephalon-mesencephalon junction significantly reduced the maximum SAP elicited by minimum sinus pressures. Following transection there was a 10 mm Hg shift in set point of the reflex response without a significant alternation in gain, A{2). In spite of the change in set point, there was no apparent shift in the sinus pressure that first produced a detectable fall in arterial pressure.
Decerebration with Vagi Cut.-With the vagi cut, the carotid sinus reflex response was elicited unencumbered by efferents of or baroreceptor afferents from the vagus nerves ( Fig. 4) . Without the vagus nerves, there was a decrease in the sinus pressure point, A(3), from which equal pressor and depressor responses were obtained and a comparable increase in the gain, or sensitivity, of the reflex response, A(2). On the average, the set point was elevated by 10 mm Hg by the transection in contrast to the opposite shift in cats with the vagi intact. Before transection, more of the reflex activity (70?) was involved in increas-ing blood pressure than after transection. As in the experiments with vagi intact, the striking observation following brainstem sectioning in the vagotomized cats was a reduction in the range of systemic arterial pressure responses, A(l), that could be elicited by changes in the carotid sinus pressure. Even though the gain of the reflex, A(2), remained high, elimination of suprapontine areas produced a significant increase in the threshold for carotid sinus responses.
Although vagotomy increased the sensitivity of the reflex response to changes in CSP in the median range of 70 to 100 mm Hg, the proportional change in SAP for a given CSP change in this range, whether the vagi were The effects of midcoUicular transection on the carotid sinus reflex response in 13 cats in which the vagus nerves were sectioned. The parameters and their derivatives are means ± SD. The mean systemic arterial pressure (SAP) vs. mean carotid sinus pressure (CSP) plot represents the least-squares best-fit curve for each group. Each animal served as its own control, and the Student's t-test was used for statistical comparison of means. % pressor -that proportion of responses that would give rise to increases in arterial pressure. intact or not, was not affected by the transection. It was at lower carotid sinus pressures that the effects of brainstem transection were most marked in cats with and without cut vagi.
Discussion
The effects of carotid sinus pressure changes in an open-loop system on systemic arterial pressure following decerebration were observed. Care was taken to keep other variables such as temperature, arterial oxygen saturation, circulating blood volume, and pH within normal ranges. The experimental variable was carotid sinus pressure. The pulsing frequency was fixed at 120 pulses/min, while the pulse amplitude was constrained to a range of 20-40 mm Hg for all sinus pressures. Undoubtedly, varying either or both of these factors would have affected the results, particularly CSP threshold. Further narrowing of the pulse amplitude range with an adjustable damper placed a limit on the ease of obtaining rapid step-function changes in CSP. For a consistent protocol attempting to reduce intraresponse variability, a 1-minute random forcing period of CSP with a return to a 4-mLnute period at basal level (25 mm Hg) was chosen. SAP values at the end of this 1-minute period were taken as those approaching steady state. If one assumes that the first order decrease in SAP in response to a step increase in CSP is a near exponential function, then an estimate of the response time constant can be made. Given a time constant of 0.63, the fall in SAP reach this value in an average of 7.5 ± 1.8 seconds with a range of 2 to 14 seconds. Thus, the slowest responding system was within 9035 of the maximum change in 32 seconds. On the average, a 1-minute step change in CSP is sufficient to generate SAP values within 90% of a steady state change. Obtaining true steady state values would have subjected the preparations to an additional stress of long periods of abnormally high pressures. Our unwillingness to wait for steady state values probably added to the variance seen in the data. Finally the difficulty in quantitatively assessing a Circulation Rtiurcb, Vol. XXIX, Notemitr 1971 reflex response from multiple noncontinuous data points was improved by use of the logistic expression that reduced the best-fit curve of the data in each series to four parameters. It was then these parameters generated from each test, that were grouped, paired, and compared.
Since the carotid sinus reflex persists in decerebrate animals, but not in animals with Cl section, and since carotid sinus afferents make synaptic connections in the medullary reticular formation (5, 6) , it is believed that central nervous components above the medulla are not necessary for maintenance of blood pressure (1, 4, 16) . Certainly there is incontrovertible evidence that supramedullary areas participate in the control of other cardiovascular adjustments (17) (18) (19) . Gebber (20) has reported that electrical stimulation of selected sites in the hypothalamus modifies cardiac rate during elevated sinus pressures. To test the influence of areas above the diencephalon-mesencephalon junction on the carotid sinus reflex, we have presented data from experiments using internal controls in which response curves gathered before decerebration were compared with those recorded after decerebration.
With the vagus nerves intact, the carotid sinus reflex response as measured by the model parameters, with the exception of A(l), are essentially unchanged following midcollicular decerebration. It could be concluded that areas above the medulla are not necessary for the sinus reflex within the normal range of blood pressure but do affect the ability to adjust to variations at low arterial pressures. When set-point values of curves made before and after decerebration are paired and compared, a small but statistically significant difference is found. Setpoint values decrease an average of 10 mm Hg with decerebration. Other investigators report a similar small reduction in arterial blood pressure with decerebration in animals with closed-loop carotid sinus control (11, 21) . The trend toward lower arterial pressure is corroborated by a 30 mm Hg reduction in maximum systemic response to low carotid sinus pressure after decerebration. In either case, with maximum sinus stimulation at high carotid sinus pressures, there is little difference in the lower limits to which the sinus reflex is capable of driving systemic arterial blood pressure.
These changes suggest at least two possible roles of higher centers in modulating the carotid sinus reflex: (1) higher centers exert a modifying effect on the afferent limbs of the baroreceptor reflex, and (2) higher centers maintain a tonic drive to the efferent, especially sympathetic, components of the reflex. The condition of low sinus pressure resulting in high arterial blood pressure offered a strong stimulus to aortic baroreceptors. The decrease in maximum SAP response following transection suggests an inhibition of the large depressor effect called forth by aortic baroreceptor activity when the neuroaxis is intact. Similarly, with part of the feedback loop in the aortic depressor nerve intact, an altered set point suggests that the modifying influence from central areas was on the optimal point at which the system should operate. The decrease in range through which arterial pressure could be driven, A(l), was indicative of a reduction in sympathetic drive following transection.
If the influence of higher centers on the carotid sinus reflex response were mediated by the vagus nerve alone, then the group of experiments comparing control with decerebration in vagotomized preparations would show similar effects. Higher centers may have an inhibitory effect on the vagal efferent action: decerebration after vagotomy resulted in an increase in set point, whereas with vagi intact, set point decreased with decerebration. The decrease in maximum pressor response following transection in cats with and without intact vagi indicates a reduction in sympathetic drive (22) . Subliminal sympathetic activity is also suggested by an increase in carotid sinus threshold after transection, as would be expected from the removal of subliminal excitation. When vagi were intact, the threshold did not change with decerebration, probably because of the influence of aortic receptors. With an increase in threshold, the reflex response changes from one which is mainly pressor to one which is more evenly distributed between pressor and depressor action. The significant decrease in both maximum SAP and in range, A(l), with decerebration after vagotomy supports the notion of removal of an additive pressor influence from areas above the colliculi.
A general deterioration of the preparations as a causal factor accounting for the decrease in maximum SAP was assessed in two animals subjected to sham operations which were repeatedly tested for 6 hours. Because no change was noted in the parameters or best-fit curves with time, time was judged not to be a major factor. Certainly for a limited range on either side of A(3), the centering point of the reflex from which equal pressor and depressor responses were obtained, the responses for cats with and without vagotomy before and after decerebration were equivalent.
Conclusions concerning anatomical locations where a pooling of effects from medullary and supramedullary areas occur cannot be made from our data. The literature suggests multiple sites of synaptic interactions. Rudomin (23) has presented evidence from vagal, primary afferent, depolarization in the medulla, while Weiss and Crill (24) have evolced similar effects in carotid sinus nerve fibers by hypothalamic stimulation. Gebber and Snyder (14) have shown various alterations in the carotid sinus reflex with hypothalamic stimulation. Numerous reports relate to the hypothalamic control over sympathetic activity (11, 12, 18, 21) . Functionally, baroreceptor stimulation is more effective in modifying blood pressure when the brainstem is intact. In spite of there being little difference in mean systemic arterial blood pressure following collicular transection, the animal's ability to adjust to variation in arterial pressure is impaired.
